Vanadium can be an important contaminant in groundwaters impacted by mining activities. In order to determine if microorganisms of the Geobacteraceae, the predominant dissimilatory metal reducers in many subsurface environments, were capable of reducing vanadium(V), Geobacter metallireducens was inoculated into a medium in which acetate was the electron donor and vanadium(V) was the sole electron acceptor. Reduction of vanadium(V) resulted in the production of vanadium(IV), which subsequently precipitated. Reduction of vanadium(V) was associated with cell growth with a generation time of 15 h. No vanadium(V) was reduced and no precipitate was formed in heat-killed or abiotic controls. Acetate was the most effective of all the electron donors evaluated. When acetate was injected into the subsurface to enhance the growth and activity of Geobacteraceae in an aquifer contaminated with uranium and vanadium, vanadium was removed from the groundwater even more effectively than uranium. These studies demonstrate that G. metallireducens can grow via vanadium(V) respiration and that stimulating the activity of Geobacteraceae, and hence vanadium(V) reduction, can be an effective strategy for in situ immobilization of vanadium in contaminated subsurface environments.
Vanadium contamination of groundwater resulting from industrial, mining, or natural sources can be an environmental concern. Vanadium is the most abundant transition metal in the aquasphere and is widely distributed in the EarthЈs crust, with an average concentration similar to that of zinc (21) . The primary source of vanadium is titanomagnetite deposits in which vanadium is present as a minor replacement for iron (8) . Vanadium is also a trace element in fossilized organic matter, such as crude oils, coal, and carbonaceous fossils (2, 22, 34) , and can be found in uranium-bearing minerals (7) . Vanadium is used widely in metallurgy, the atomic energy industry, space technology, pharmaceutical industrial processes, and other high-tech industries, making vanadium one of the most important metals for modern technology (20) . In addition, vanadium assumes an exceptional position among the biometals in that both its anionic and cationic forms can participate in biological processes (21, 22) , serving as a competitive substrate with phosphate, thereby inhibiting and/or stimulating many phosphate-metabolizing enzymes.
Vanadium can exist in different oxidation states from Ϫ2 to ϩ5, but the forms found in the natural environment are ϩ3, ϩ4, and ϩ5 (7) . Vanadium toxicity varies considerably with the nature of the compound but generally increases as the redox state increases, pentavalent vanadium being the most toxic and the most mobile form (7, 11, 19) . In oxic waters the dominant vanadium species are the vanadate(V) compounds, while in reducing environments the vanadyl ion VO 2ϩ (IV), considered the most stable diatomic ion known (26) , has been detected. This cation has a tendency to hydrolyze, and in the pH range of natural waters it is rather insoluble and strongly adsorbed on particles and forms stable complexes with humic acids. Adsorption and possible subsequent incorporation of vanadi-um(IV) as a solid solution is a probable inorganic sink for vanadyl in reducing sediments (31) . Therefore, promoting reduction of vanadium(V) to lower redox states may be a remediation strategy for immobilizing vanadium, thereby removing it from contaminated groundwaters.
It has previously been reported that cell extracts (33) or whole cells (3, 4, 6, 35) of various microorganisms can reduce vanadium(V). Of most interest in this regard are two Pseudomonas species which can conserve energy to support growth with hydrogen, carbon monoxide, various sugars, and organic acids as the electron donor (18, 35) . However, these Pseudomonas species could not grow with Fe(III) as an electron acceptor (18) and only incompletely oxidized organic substrates to acetate (35) . These physiological characteristics could limit their ability to compete with other dissimilatory metal-reducing microorganisms in many subsurface environments. This is because acetate is likely to be the major electron donor supporting anaerobic respiration in subsurface environments (12) and because, even in vanadium-contaminated environments, the concentrations of vanadium(V) are likely to be orders of magnitude lower than those of Fe(III).
The reduction of U(VI) to U(IV) can support cell growth in Geobacter metallireducens and some other dissimilatory Fe(III)reducing microorganisms (16, 17) , and stimulating the in situ activity of Geobacteraceae in the subsurface can promote the reductive precipitation of uranium from contaminated groundwater (1, 9) . Here we report that G. metallireducens can also conserve energy to support growth from vanadium(V) reduction and that vanadium is effectively removed from groundwater when the in situ activity of Geobacteraceae is enhanced.
MATERIALS AND METHODS
Pure culture studies. G. metallireducens (ATCC 53774) was obtained from our laboratory culture collection. Cells were cultured under strict anaerobic conditions at 30°C under an atmosphere of N 2 -CO 2 (80:20) in a freshwater, bicarbonate-buffered medium (13) . Acetate (10 mM) was added from a 1 M stock solution of sodium acetate as the sole electron donor, and vanadium(V) (1 to 5 mM) was provided from a 100 mM sodium metavanadate stock (Sigma Chemical Company, St. Louis, Mo.) as the sole terminal electron acceptor. All cell manipulations were carried out under N 2 -CO 2 after passing the gases through a column of hot copper filings to remove traces of oxygen. To evaluate the potential use of other electron donors, cells were also grown with 10 mM formate and 1 mM benzoate provided from a 1 M stock solution of sodium formate and a 0.5 M stock solution of sodium benzoate, respectively.
Cells were visualized and counted using acridine orange staining and epifluorescence microscopy, as previously described (14) .
Field trial. As previously described (1) , an in situ test plot was installed at a former vanadium and uranium ore processing facility in Rifle, Colo. Groundwater beneath this site contains residual metal contamination stemming from continued leaching of large mill tailing piles previously located on-site. No groundwater standards have yet been established for vanadium; however, concentrations up to 0.77 mg/liter (15 M) are present near the former tailings pile footprint, which exceeds the 0.33-mg/liter (6 M) human health risk-based concentration (29) .
The complete description of the test plot can be found in the work of Anderson et al. (1) . Briefly, an acetate and bromide solution stored in an oxygen-free tank was injected into the subsurface via an injection gallery composed of 20 wells positioned perpendicular to groundwater flow. Acetate was added to the subsurface to provide an in situ concentration of approximately 1 to 3 mM, and bromide (100 to 300 M in situ) served as a conservative tracer for the injected solution. Changes within the subsurface were evaluated in groundwater samples collected from 15 monitoring wells installed downgradient in three rows of five wells each, and the results were compared to those of three control wells positioned upgradient from the injection gallery.
Analytical techniques. Soluble vanadium(V) was analyzed selectively using a spectrophotometric method adapted from the method of Budevsky and Johnova (5) , with a resorcinol indicator [4-(2-pyridylazo)resorcinol] after pH adjustment with ammonium acetate. Soluble vanadium(IV) was determined spectrophotometrically upon the oxidation of aniline blue with potassium bromate (25) . Groundwater samples were filtered with 0.2-m-pore-size polytetrafluoroethylene (Teflon) syringe filters (Alltech Associates Inc., Deerfield, Ill.). In order to collect solid-phase vanadium for microprobe analysis, liquid samples were centrifuged, the pellet was placed on a carbon substrate, and the water was evaporated prior to analysis of the solid with a CAMECA SX50 electron microprobe using a PGT energy-dispersive analyzer for qualitative elemental determination. The conditions were 15-kV accelerating potential, 15-nA beam current, and a focused beam.
RESULTS
Growth with vanadium(V) as sole electron acceptor. When G. metallireducens was inoculated into freshwater medium con-taining 10 mM acetate as the electron donor and 1 mM vanadium(V) as the sole electron acceptor, vanadium(V) was reduced over time (Fig. 1) . Vanadium(V) was fully transformed into vanadium(IV), and the color of the medium changed to blue, attributable to the presence of vanadium(IV) in the form of the vanadyl ion. Cell growth coincided with vanadium(V) reduction and stopped as vanadium(V) became depleted, with a generation time of 15 h. No vanadium(V) reduction was observed when the freshwater medium was not inoculated with live cells or if the cells were heat killed before incubation. Cells did not grow in the absence of vanadium.
G. metallireducens was transferred more than 50 times (10% inoculum) into the same freshwater medium, demonstrating the potential for sustained, long-term growth on vanadium. Cell growth and vanadium(V) reduction were also observed in the presence of 2, 3, 4, and 5 mM vanadium(V).
Formate and benzoate could also serve as electron donors for vanadium(V) reduction, but growth was slower than with acetate. Generation times were 24 h with formate and 36 h in medium that contained benzoate.
Vanadium precipitation. When G. metallireducens reduced vanadium(V), a green precipitate accumulated. No precipitate formed in heat-killed or abiotic controls (Fig. 2) . This precipitate was observed when acetate, formate, or benzoate was the electron donor and in the presence of 1 to 5 mM vanadium(V). Once the precipitate was formed, a loss of vanadium(IV) was measured that accounted for ca. 90% of the concentration determined prior to the formation of the precipitate. Electron microprobe analysis indicated that the precipitate was mainly comprised of vanadium and phosphorous ( Fig. 3 ), suggesting that it could be a vanadyl phosphate, such as the green mineral sincosite [CaV 2 (PO 4 ) 2 (OH) 4 
In situ removal of vanadium(V) from contaminated groundwater. Prior to acetate injection at the Rifle, Colo., field site, soluble vanadium(V), ranging in concentration from 2.2 to 50 M, was detected in most of the monitoring wells ( Fig. 4 ). Once the acetate injection began, soluble vanadium(V) concentrations in wells downgradient of the injection gallery began to decrease within 9 days, whereas there was little change in 
DISCUSSION

Growth via vanadium(V) reduction and precipitation of vanadium.
These results demonstrate that G. metallireducens can obtain energy for growth by coupling the oxidation of organic compounds to the reduction of vanadium(V). This is the first example of an organism which can grow via Fe(III) reduction, also conserving energy for growth from the reduction of vanadium(V), and the first example of an acetate-oxidizing vanadium(V) reducer. The ability of Geobacter species to reduce vanadium(V) is also significant because Geobacter species are the predominant microorganisms in a variety of subsurface sediments when dissimilatory metal reduction becomes an important process (1, 10, 23, 24, 27, 28) . Thus, there is the potential for vanadium(V) reduction in numerous subsurface environments. 
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Vanadium(V) was reduced to at least vanadium(IV), as indicated by both the chemical analysis and the characteristic blue color developed in the cultures. The vanadium(IV) concentration decreased, and the blue color disappeared as a vanadium precipitate, probably a vanadium(IV) phosphate, formed. This demonstrates that G. metallireducens has the potential to precipitate vanadium from solution. The cell yield during growth on vanadium(V) averaged 1.8 ϫ 10 7 cells per mol of e Ϫ transferred to vanadium(V), which is 2.4-fold higher than the yield per mol of e Ϫ transferred to Fe(III) in the same medium with Fe(III)-citrate serving as the electron acceptor. This higher yield may be due, at least in part, to the high redox potential (1.3 V) of the V(V)/V(IV) couple.
In situ removal of vanadium(V) from groundwater. Precipitation of vanadium as a result of vanadium(V) reduction is the likely explanation for the removal of vanadium(V) when acetate was injected into the groundwater of the Rifle, Colo., site. The loss in vanadium(V) from the treatment zone during the first 9 days of acetate injection corresponded with the previously reported (1) stimulation of microbial Fe(III) and U(VI) reduction in the treatment zone, which was evident from the accumulation of Fe(II) and a decrease in U(VI) in the groundwater. The stimulation of dissimilatory metal reduction was associated with a dramatic increase in the proportion of microorganisms from the family Geobacteraceae within the acetate injection zone, which suggested that Geobacteraceae were responsible for the Fe(III) and U(VI) reduction (1) . The finding that G. metallireducens can grow via vanadium(V) reduction suggests that the Geobacteraceae were also responsible for the removal of vanadium(V) in the treatment zone via vanadium(V) reduction.
However, in addition to this enzymatic mechanism for vanadium(V) removal, the possibility of an in situ abiotic reduction of vanadium(V) cannot be definitively ruled out. Previous studies have shown that structural Fe(II) in magnetite and ilmenite reduces vanadium(V), particularly when the pH is below 5 (32) , and addition of soluble Fe(II) reduced vanadium(V) in culture media (unpublished data). Thus, a potential alternative explanation for the removal of vanadium(V) from the groundwater is abiotic reduction of vanadium(V) by the Fe(II) that was produced as microbial Fe(III) reduction was stimulated. However, it should be noted that prior to the injection of acetate, the aquifer contained dissolved Fe(II) and ca. half of the iron in the sediments was in the form of Fe(II) (1) . Thus, if abiotic Fe(II) reduction of vanadium(V) was an important process in these sediments, it would be expected that vanadium(V) would have been depleted from the groundwater prior to acetate injection into the test plot and would also not have persisted in the background wells. It may be that although there is some abiotic Fe(II) reduction of vanadium(V), microbial reduction is required in order to remove the residual vanadium(V) from the groundwater.
As previously reported (1) , with continued addition of acetate to the aquifer beyond 50 days, the predominant terminal electron-accepting process switched from Fe(III) reduction to sulfate reduction, presumably due to depletion of Fe(III) near the site of injection. The switch from Fe(III) reduction to sulfate reduction was accompanied by an increase in dissolved U(VI) in the groundwater, which was attributed to poor reduction of U(VI) by acetate-oxidizing sulfate reducers (1) . In contrast to U(VI), vanadium(V) levels in the groundwater did not increase after 50 days of acetate injection when sulfate reduction became important. One possible explanation for this is that acetate-oxidizing sulfate reducers can reduce vanadium(V), but this has not been evaluated and seems unlikely due to the poor ability of these same organisms to reduce U(VI) (1, 17) .
Hydrogen sulfide reduces vanadium(IV) to insoluble vanadium(III) (30) , and thus, sulfide production might have accounted for the continued removal of vanadium(V) under sulfate-reducing conditions in the field trial. In contrast, sulfide does not effectively reduce U(VI) (15, 16) . Regardless of the mechanisms involved, it is clear that stimulating microbial Fe(III) reduction, and possibly sulfate reduction, is an effective strategy for removing vanadium(V) from contaminated groundwater.
In summary, the results presented here demonstrate that the reduction of vanadium(V) by G. metallireducens can convert soluble vanadium(V) into an insoluble form that readily precipitates from solution. Microbially mediated vanadium(V) reduction, whether a direct enzymatic reduction or an indirect abiotic mechanism, can be a suitable strategy for the in situ removal of toxic vanadium from groundwater. Further study of the biochemical and abiotic mechanisms involved in vanadium(V) reduction in sediments and groundwaters may help in better understanding the behavior of this pollutant in the environment.
